fusion failure in a population of patients who underwent instrumented OC arthrodesis using a uniform surgical philosophy.
Methods

Data Collection
Prior to data collection, the study was approved by the Institutional Review Boards at the University of Utah and Primary Children's Hospital. A search of the pediatric neurosurgical operative database at Primary Children's Hospital for the period from January 2001 to March 2013 identified all operations performed to manage OC instability. Data from procedures performed prior to 2001 were not included because of variations in surgical technique. Conservatively managed patients were also excluded. Additional cases were excluded for the following reasons: patients had undergone occipitocervicothoracic fusion operations, age older than 18 years, patients lost to follow-up, and patients had not undergone postoperative CT scanning to evaluate arthrodesis.
The medical records and radiographs of patients who underwent OC fusion were double-reviewed for data collection and accuracy. Clinical variables were recorded, including sex, cause of OC instability, age at surgery, operation performed, number of previous fusion operations, method of cervical fixation, OC rigid fixation device, bone graft material, use of bone morphogenetic protein (BMP) or other biological adjuncts, postoperative bracing, use of the O-arm surgical imaging system (Medtronic, Inc.), and surgical complications requiring reoperation.
The causes of OC instability were classified into the following groups: skeletal dysplasia, congenital spinal anomalies, Down syndrome, Chiari malformation, trauma, and os odontoideum. Each patient was assigned to one group based on their primary disorder, if known. Diagnoses were made based on clinical features and imaging characteristics on preoperative CT scans with consultation from a pediatric neuroradiologist. Skeletal dysplasia included disorders involving abnormal bone and/or cartilage formation, growth, and remodeling such as achondroplasia, spondyloepiphyseal dysplasia, osteogenesis imperfect, Jeune syndrome, Kniest syndrome, Larsen syndrome, Loeys-Dietz syndrome, and Morquio syndrome. 20 Cases were classified into the congenital spinal anomalies group if no known primary disorder or syndrome could be identified. Congenital spinal anomalies included malformations arising from improper fusion of chondrification or ossification centers involving the craniocervical junction, such as Klippel-Feil syndrome, basilar invagination or impression, odontoid dysgenesis, basioccipital dysgenesis, and defects of the anterior or posterior arch of C-1. 15 Cases were classified into the os odontoideum group if their abnormality was diagnosed incidentally and there was no history of acute trauma, a concurrent diagnosis of skeletal dysplasia, or other congenital spinal anomalies.
Outcomes
All postoperative radiographs and CT scans were reviewed by the senior author (D.L.B.) to determine the presence of arthrodesis, nonunion, and/or hardware-related complications. Successful fusion was defined by a solid bony bridge from the occiput to the posterior elements of C-2 on postoperative CT scan. The primary study outcome was either radiographic evidence of a successful fusion or a reoperation that required revision of the arthrodesis and/or instrumentation. Wound revisions or washouts that did not require manipulation of the graft or hardware were not included in the reoperation cohort as failures, nor were cases in which hardware was removed after successful fusion.
For each revision operation, the underlying cause of failure was retrospectively identified as a secondary outcome: immediate hardware failure, hardware failure before arthrodesis, graft failure, or infection. Immediate hardware failure was defined as cervical screw replacement because of misplacement or construct failure within 48 hours after the initial operation (Fig. 1) . Hardware failure before arthrodesis included cases in which instrumentation loosening or breakage occurred after 48 hours but before radiographic evidence of fusion (Fig. 2) . Graft failure was defined as the presence of nonunion in the setting of adequate positioning of the cervical screw(s) and occipital instrumentation (Fig. 3) . Infection refers to the cases in which the hardware and/or graft was revised either during or after surgical debridement of a wound infection (Fig. 4) . Only one cause was attributed to each revision operation.
Surgical Technique
All operations were performed by the senior author (D.L.B.). Details regarding the selection of rigid internal fixation construct and the surgical technique were de- scribed previously. 2, 4, 9, 10 In all patients preoperative finecut (1-mm) CT scans with 2D sagittal and coronal reconstructions were acquired to determine the anatomical suitability of screw placement, the course of the vertebral artery, and the presence of congenital vertebral anomalies that might require a nonstandard screw trajectory. Multiplanar reconstruction of the CT scanning in the trajectory along the entire length of the screw was performed to determine whether a C1-2 transarticular screw, C-2 pars screw, or C-2 translaminar screw could be placed safely as an anchor for the OC rod/loop construct. C1-2 transarticular screws were preferred prior to 2009, but we now place bilateral C-2 pars screws when anatomically feasible because they provide adequate biomechanical rigidity without the additional risk of vertebral artery injury.
10,25 A secondary option is instrumentation into the C-2 lamina. If a congenital C2-3 fusion is present or fixation at C-2 cannot be achieved safely, screws may be placed in the C-3 pars or lamina. In patients who have complex craniocervical anatomy that precludes standard screw insertion, alternative methods of internal fixation are performed using a combination of screw configurations or, in a small but important number of cases, placement of a unilateral construct.
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For surgery, general anesthesia is induced, and the patient is secured in a Mayfield 3-point fixation head holder. Electrophysiological monitoring is only used in cases with preexisting myelopathy or if intraoperative bony reduction is planned. The patient is carefully placed in the prone position. Direct lateral fluoroscopic guidance is used during all cervical manipulations and for screw placement. The patient's neck is slightly distracted, flexed, and posteriorly translated into a mild military tuck position. A posterior OC incision is made in the midline, and the occiput and upper cervical region are exposed. Posterior cervical screw fixation is performed bilaterally using polyaxial screws inserted into C-2 or C-3. During OC fusion, the patient is realigned into a neutral position prior to rigid instrumentation placement. For those patients who require intraoperative odontoid reduction, the patient's head is slightly distracted and extended under direct fluoroscopic visualization to cause anterior C-2 translation. Next, a rigid OC fixation device consisting of a custom loop-shaped plate (Wasatch plate, Medtronic), a rod/plate system (Vertex, Medtronic, Inc.), or a U-loop (Ohio Medical Instruments Surgical Products) is cut to size, contoured to fit between the occiput and C-2 or C-3, superiorly secured to the occipital bone with 4.0-mm screws, and inferiorly anchored to the polyaxial cervical fixation screws. Iliac crest or rib autograft is the preferred substrate for bone graft. The graft material is held in place with a multistranded titanium cable (Atlas cable, Medtronic, Inc.) at the cervical end, and a small (1.5-mm) maxillofacial screw is placed through the graft into the suboccipital bone. Demineralized bone matrix (DBM; Medtronic or Grafton, Osteotech) is placed around the graft. The O-arm is used to verify screw positioning at the conclusion of the procedure, and the incision is closed in a multilayered fashion.
Postoperatively, all patients were prescribed either a fitted Miami-J or custom built cervical collar augmented with molded plastic occipital support. Patients who were considered to have a high risk of fusion failure were maintained in the cervical collar at all times until radiographic evidence of fusion. This decision was made on a case-by-case basis depending on the screw purchase, instrumentation security, and bone surface available for fusion. Otherwise, patients were instructed to wear the cervical collar for comfort only.
The current protocol at our institution for radiographic evaluation of fusion includes plain radiographs obtained monthly for the first 2 months after surgery, followed by a noncontrast CT scan of the OC junction with thin-slice sagittal and coronal reconstructions obtained 4 months after surgery to determine arthrodesis. If arthrodesis has not developed at 4 months and no signs of a complication are present, the CT scan is repeated every 6 months or 1 year until successful fusion is radiographically confirmed. After successful fusion is documented, plain radiographs are obtained yearly until the patient is approximately 10 years of age. This protocol was developed based on our institutional experience and data from several studies that performed postoperative CT scanning at 3 or 4 months to determine successful fusion. If a patient develops hardware failure before arthrodesis occurs, it is our practice to revise the instrumentation with or without revising the graft material soon after failure is diagnosed, regardless of whether the patient develops new or worsening neurological symptoms. In some cases, the failure is diagnosed on imaging studies obtained after a patient experiences a "popping" sensation in the back of the neck, but often the diagnosis of hardware failure is made incidentally on routine postoperative CT in the setting of a stable neurological examination. It is our experience that intervening early on in cases of failed instrumentation will give patients the best chance of ultimately achieving a successful fusion.
Statistical Analysis
Patients were stratified according to the primary outcome of whether they had radiographic evidence of successful fusion or if they required reoperation for revision of the graft or instrumentation. Fisher exact tests and Student t-tests were used for univariate analyses on categorical and continuous variables, respectively, to identify potential predictors of fusion failure. We also performed a subanalysis on patients who experienced hardware failure to determine whether failure was more common in patients who had skeletal dysplasia or congenital spinal anomalies on preoperative imaging. This subanalysis was conducted because screw placement is often more technically challenging in patients with these anatomical disorders. A probability value < 0.05 was considered statistically significant. Statistical analysis was performed using the SAS software package (version 9.2; SAS Institute, Inc.).
Results
Patient Characteristics and Surgical Details
We identified 147 operations performed to manage OC instability. Of these, we excluded 14 cases that involved occipitocervicothoracic fusion, 5 in which patients were lost to follow-up, and 1 in which the patient was older than 18 years. Our study population included 127 OC fusion procedures in 107 patients. The mean age of the patients at surgery was 7.7 ± 4.7 years (range 1.2-17.9 years), and the mean follow-up period was 25 months (range 3-100 months). Sixty-nine patients (64%) had a follow-up longer than 1 year. Other baseline demographic data and surgical details of the 127 procedures are presented in Tables 1  and 2 , respectively. The statistical analysis was performed by counting each procedure as a new event, so the values are out of 127. Male patients comprised 59.1% of the study group. The most common cause of OC instability was congenital spinal anomaly (29.1%) followed by Chiari malformation (19.7%), trauma (17.3%), Down syndrome (16.5%), skeletal dysplasia (14.2%), and os odontoideum (3.1%).
Of the 127 fusion operations, 100 operations were performed as the initial fusion operation, 24 were performed as the first revision operation (4 of which had the initial fusion performed at an outside hospital), and 3 were performed as the second revision operation. Occiput-C2 fusion was performed in 120 cases (94.5%), and occiput-C3 fusion was performed in 7 (5.5%).
For cervical fixation, pars screws were most commonly used (56.7%), followed by transarticular screws (23.6%), translaminar screws (4.7%), pedicle screws (1.6%), and lateral mass screws (0.8%). In 12.6% of cases, the configuration consisted of various combinations of these screw fixation methods. Unilateral fixation constructs were used in 6.3% of cases. For the rigid OC device, a rod/plate system or custom loop-shaped plate was preferred and used in 44.9% and 43.3% of cases, respectively; the Ohio Medical Instruments U-Loop was used in 9.4% of cases; other OC plating systems were used in 3 patients (2.4%).
In the majority of cases (96.9%) we used autografts, harvested from the rib (59.8%) or iliac crest (36.2%), for bone graft material. One patient received an occipital bone graft to augment his fusion during a revision surgery for instrumentation failure. In another patient, an allograft was used to augment a partial fusion. Three patients underwent revision of instrumentation without augmentation of their fusion mass with additional bone graft. Biological adjuncts were used in 79.5% of cases. DBM was used frequently (78.7%). BMP was also used in 7 cases (5.5%), in 5 of which it was used for a revision operation.
The use of postoperative bracing varied widely. After 71 (55.9%) of the 127 procedures, the patients were instructed to wear a brace at all times for 4 weeks or longer; this recommendation was made by the senior author (D.L.B.) after reviewing their postoperative imaging. Two patients were placed in a halo postoperatively. The remaining patients were prescribed a brace to wear for comfort only.
Outcomes
Of the 127 OC fusion operations, 107 (84.3%) resulted in a successful fusion after the first procedure, and 20 (15.7%) were surgical failure requiring reoperation for revision of the arthrodesis or instrumentation. The details of the cases resulting in failure are presented in Table 3 . All complications occurred within 1 year of the operation.
Immediate hardware failure occurred in 4 cases and required reoperation for malpositioned cervical screws within the first 48 hours postoperatively. Hardware failure before arthrodesis occurred in 8 cases, including failure of the cervical screws in 4 cases, occipital screw backout in 1, and loosening of both the C-2 and occipital screws in 3.
Graft failure occurred in 2 patients in whom we observed widening of the space between the graft material and either the occiput or a cervical lamina on the postoperative CT scan. In both cases, graft failure occurred despite appropriate screw positioning.
In 5 cases, revision of the instrumentation or bone graft was performed during or after surgical debridement of an infection; these are described below.
One patient was found to have C-2 screw loosening during a revision operation for primary repair of a CSF leak.
In 15 cases, the O-arm was used at the end of the operation to verify screw positioning, and 14 cases resulted in successful fusion. One patient developed cervical and occipital instrumentation loosening 2 months after the initial operation. None of the cases in which the O-arm was used resulted in misplaced cervical screws.
Risk Factors for Surgical Failure
The results of the univariate analysis of risk factors associated with surgical failure after OC fusion are pre- Having a deep wound infection that required surgical debridement was associated with surgical failure requiring reoperation of the instrumentation or graft (p = 0.002). In 2 cases, the graft and hardware required revision several months after the wound debridement was performed, and the infections were treated with long-term antibiotics. One patient had graft resorption and the other had cervical screw backout 4 months after debridement. The hardware was found to be loose during the wound washout procedure in 1 patient. Two patients required removal of the graft material in addition to long-term intravenous antibiotics to treat the infection. In both of these patients, revision of the arthrodesis was performed several weeks after the infection was eradicated. Three of the cases in the fusion cohort underwent surgical debridement for wound infections but did not require manipulation of the graft material or instrumentation, and all 3 developed successful arthrodeses.
A subanalysis of the failure cohort revealed a significant association between hardware failure and patients with OC instability due to skeletal dysplasia or congenital spinal anomalies (p = 0.020; Table 5 ). Fifty-five OC fusion operations were performed in patients with skeletal dysplasia or congenital spinal anomalies, 10 of which resulted in initial failure. Of these 10 cases, immediate hardware failure occurred in 2, hardware failure before arthrodesis occurred in 7, and failure occurred in 1 patient, with a congenital spinal anomaly, after a wound infection.
Discussion
Previous work has shown that there is generally a high rate of surgical success in pediatric OC arthrodesis. 6, 10, 13, 18 Our study of a large cohort of pediatric patients undergoing OC fusion demonstrates that fusion success can be achieved across various etiologies of OC instability and using a variety of screw fixation techniques. Among the several potential risk factors that we evaluated, infection was the only independent predictor of surgical failure. Subgroup analysis revealed that patients with congenital vertebral anomalies and skeletal dysplasia are at higher risk for hardware-related complications resulting in surgical failure.
In light of previous research, our study sought to investigate several factors that might affect surgical decision making and techniques. Even though we found that most of these factors were not independent predictors of failure, we believe they are worthy of discussion and will address them below.
Infection
Deep wound infection after instrumented fusion has frequently been identified as a risk factor for nonunion.
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The most critical period for fusion is in the first 1-2 weeks when inflammation and revascularization occur, enabling the graft material to incorporate with the native bone.
14 Microbes alter the bone regeneration process by impairing vascularization of the bone graft material, and cytokines from leukocytes alter osteoblast and osteoprogenitor cell biology. Preventing wound infections during the early postoperative period would increase the likelihood of a successful fusion and decrease the rate of revision surgery. The current initiative to standardize surgical site infection protocols is a step toward reducing postoperative infections. 22 As variability in clinical practice decreases, research efforts may identify specific infection-preventing interventions that could be implemented in patients undergoing OC fusion.
CSF Leak
CSF leak is uncommon after OC fusion but, in some cases, such as revision surgery in Chiari malformation, the dura must be opened and a dural patch graft placed afterward. It is imperative that the duraplasty be closed in a watertight fashion because a CSF leak puts the patient at risk for meningitis and surgical failure. Despite our best efforts, CSF leaks and/or pseudomeningocele formation occurred in 3 cases, all of which required reoperation for dural repair. These cases were not considered failures in this study because the primary indication for reoperation was not failure of the instrumentation or graft material; however, because CSF leak is a risk factor for a deep wound infection, it merits mention.
Patient Age and Cause of Instability
Pediatric patients with normal C-2 anatomy and good occipital bone thickness are extremely likely to have successful OC arthrodesis, even at very young ages. Normal anatomy and good bone thickness are usually found in patients with atlantooccipital dislocation, Down syndrome, and Chiari malformations, which partly explains their very high rates of surgical success. In fact, successful fusion in these patient groups has been consistently achieved in patients as young as 16 months of age, with excellent long-term outcomes. We hypothesize that this success is due to active bone modeling in young patients that occurs within and around the fusion mass and implanted hardware. As these patients age, this bone modeling can manifest as vertical growth of the spine within the fused segment.
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Patients with congenital vertebral anomalies and skeletal dysplasia are a different story. Diminutive or abnormal C-2 anatomy, thin occipital bone, and small size-for-age patients may make instrumentation fixation technically difficult and may produce supraphysiological stress on the biomechanical integrity of the fixation. These situations may call for creative solutions, including a combination of C-2 fixation methods or even unilateral constructs. These techniques were used in several patients in the series to achieve, whenever possible, the twin goals of avoiding an external halo orthosis and avoiding extending the fusion level below C-2 (or C-3 if there is a congenital C2-3 fusion) so that motion segments can be preserved. Unfortunately, as the data in our series show, patients with congenital vertebral anomalies and skeletal dysplasia are at higher risk of hardware failure than patients with other etiologies. We do not believe that this is because of poor bone quality available for fusion. Rather, it is due to the inability of some hardware constructs to withstand the biomechanical stress imposed upon the craniocervical area during the fusion process. Despite these risks, it is our experience that patients with congenital vertebral anomalies and skeletal dysplasia ultimately have a high likelihood of successful fusion, even very young patients (< 2 years of age) in whom there is less bony surface area available for fusion and in whom screw fixation is technically challenging. For patients with congenital vertebral anomalies and skeletal dysplasia, this success may be partly attributable to stricter activity restrictions and more regimented postoperative cervical bracing instructions until arthrodesis is achieved. However, our study was not powered to evaluate this hypothesis.
Postoperative Orthosis
Rather than placing patients in external halo orthoses, we generally apply a hard cervical collar postoperatively. A large percentage of patients in this series were placed in a custom hard cervical collar to be worn continuously for at least 1 month after surgery. At that point, a plain radiograph is taken to determine hardware integrity. The decision of whether to persist in continuous collar use until the arthrodesis has matured (usually 3-4 months) is based on the quality of the initial hardware fixation. For example, if a patient's instrumentation is secure as determined at the time of surgery and the likelihood of hardware failure is small, the restriction may be lifted after 1 month. If the instrumentation is not thought to be entirely secure, then collar use is continued for 4 months or until successful fusion is documented on a CT scan. However, this process is influenced by the patient's collar compliance and activity level. While most patients and families are compliant, some begin to lift the restriction on their own, thus endangering the construct. Of course, the surgeon has no control over this process outside of routine office visits. More than one pediatric patient has returned with a hardware failure that probably resulted from excessive activity, either in or out of the collar. These comments are not meant to blame patients or families but to point out that some factors that may determine surgical success remain out of the surgeon's control.
Method of C-2 Fixation
Early in this series, the senior author (D.L.B.) preferred to use C1-2 transarticular screws for C-2 fixation. Over time, we discovered that C-2 pars fixation achieved the same level of surgical success with significantly reduced risk of injury to the vertebral artery.
10 Thus, we began to use pars screws or translaminar screws almost exclusively as our preferred method of C-2 fixation. Of the 2 methods, we prefer pars screws for 2 reasons: 1) they allow a larger amount of C-2 lamina to fuse and 2) they provide excellent mechanical advantage when craniocervical reduction is necessary as part of the procedure. As mentioned previously, we have used a mixture of C-2 fixation techniques in certain patients, with the instrumentation decisions driven entirely by individual anatomy.
Type of OC Instrumentation
A mixture of OC fixation devices was used in this series, with U-loops (Wasatch plate, Medtronic) and rod/ plate (Vertex Max, Medtronic) as the predominant constructs. The idea behind using a closed U-loop against the occiput is to fixate the midline occipital keel, which is often the only portion of the occiput bone able to provide adequate screw purchase, as well as to provide a biomechanically sound construct. In patients with adequate lateral occipital bone thickness, the suboccipital area may be used to fixate the plate portion of a rod/plate construct. In a Chiari malformation patient after suboccipital decompression, a lateral rod/plate construct is one of the few methods that can provide adequate occipital fixation.
The OC instrumentation devices used in this series (both the U-loop and rod/plate constructs) are prebent to a neutral alignment so that when the device is placed it allows for a natural position of the OC junction postoperatively. This is a great advantage when an intraoperative craniocervical reduction is part of the procedure, as may happen in patients with complex Chiari malformation or those with severe congenital craniocervical dislocations. Using the mechanical advantage of these devices, we have been able to achieve success in many challenging procedures.
Unilateral Versus Bilateral Constructs
Seemingly defying traditional biomechanical principles, 6 patients had successful OC arthrodesis following use of unilateral OC instrumentation. Four of these patients had a unilateral construct placed as a second procedure after a bilateral construct failed after the first procedure. Without resorting to a bone/wire/halo solution, we were successful in each of these cases by converting the instrumentation to unilateral plate/rod constructs. These patients had severe congenital vertebral anomalies or skeletal dysplasia. In each of these procedures, once unilateral C-2 fixation is achieved, a single rod/plate is bent so that it is oriented toward the midline occipital keel, where it is secured to the occiput with at least 2 occipital screws. Once a rib graft is added, this mode of instrumentation is surprisingly secure. In each case, the patient was kept in a hard collar until fusion occurred. * There was a significant (p = 0.020) association between hardware failure and patients with OC instability due to skeletal dysplasia or congenital spinal anomalies.
Type of Graft Used
Iliac crest or rib autograft was used in nearly all patients. After several patients with allograft were referred to our institution following OC fusion failure, we decided to avoid using allograft in our patients. We believe that allograft is not a good fusion substrate when placed in an on-lay position unless biologics are routinely used as a fusion adjunct. Thus, we cannot comment on the efficacy of allograft in our study. Little, if any, donor-site morbidity has been reported from using autograft, and the long-term results and cosmetic appearance of autograft incision sites have been favorable. We use an iliac crest autograft when the distance between the occiput and C-2 is short, as with patients with atlantooccipital dislocation or Down syndrome. In patients with long occiput-C2 distances to span (observed after Chiari decompression), or in patients with very small iliac crests, either 1 or 2 rib autografts are used. Full-thickness bone grafts are used in all cases, with the contact surfaces decorticated prior to their implantation. The grafts are held in place securely with multistranded titanium cable (Atlas cable, Medtronic) looped around the hardware and tightened to at least 30 foot-pounds.
Using this technique, we had a very low incidence of graft failure, which was seen in only 2 of the 127 procedures. While the concept of stable pseudarthrosis or fibrous union is discussed in the literature, 5, 7, 11, 13, 17, 21 this was not observed in any of our patients. Both instances of graft failure were notable for increased widening between the autograft material and native bone on postoperative CT.
Use of BMP
We do not routinely use BMP during our OC fusions. We believe the documented risks outweigh the benefits because its efficacy has not been clearly established in the literature despite initial documentation of its success. 8, 16, 19 We only use BMP during salvage procedures for failed fusions or more extensive procedures, such as OC-thoracic fusions, in which severe instability is present. Thus, an insufficient number of patients in this series received BMP as part of their fusion to draw conclusions on its efficacy.
Hardware Failure and Use of the Intraoperative O-Arm
We defined immediate hardware failure to include either screw malpositioning or overt construct failure in the first 48 hours after surgery. This is in contrast with instrumentation failure that occurred after the immediate postoperative period but before arthrodesis. Both types of failure occurred in this series; however, we did not have any instances of immediate hardware failure once we began routinely using the intraoperative O-arm in 2012. Our protocol is to perform a nonsterile intraoperative spin to check the instrumentation after the wound is closed to confirm C-2 screw placement and OC reduction status (if any). If screw misplacement occurs, the incision can be reopened and the screw repositioned before the patient leaves the operating room. This could prevent costly and unnecessary reoperation for screw malpositioning should the instrumentation failure be diagnosed on a standard postoperative CT scan obtained 1 or 2 days later. After confirmation of satisfactory instrumentation based on intraoperative images, we do not perform further routine imaging until the 1-month postoperative clinic visit.
Conclusions
Surgical arthrodesis for pediatric OC instability has a high rate of success in a wide variety of challenging circumstances; however, there are still several ways it can be improved. Our findings suggest that reducing surgical site infections and increasing understanding of the underlying biomechanical factors that contribute to hardware failure would improve the outcomes in this patient population.
